(Cnidaria) and in sponges, confirming the previous observations, but none in Ctenophora. Most 29 surprisingly, such fungal (also called Dictyo-type) amylases were also consistently retrieved in 30 a limited number of bilaterian phyla: hemichordates (deuterostomes), brachiopods, some 31 molluscs and annelids (protostomes). We discuss evolutionary hypotheses for these findings, 32 namely, the retention of the ancestral gene in those phyla only and/or horizontal transfers from 33 non-bilaterian donors. 34
Introduction 39
Alpha-amylases are enzymes that are almost ubiquitous in the living world, where they 40 perform the hydrolysis of starch and related polysaccharides into smaller molecules, to supply 41 energy to the organism through digestion. They belong to glycosyl hydrolases, a very large 42 group of enzymes which have been classified in a number of families according to their 43 structures, sequences, catalytic activities and catalytic mechanisms (HENRISSAT AND DAVIES 44 1997). Most alpha-amylases are members of the glycoside hydrolase family 13 (GH13), which 45 includes enzymes that can either break down or synthetize α -1,4-, α -1,6-and, less commonly, α 46 -1,2-and α -1,3-glycosidic linkages. Sucrose and trehalose are also substrates for enzymes of this subfamilies GH13_15/24 as private to Bilateria among metazoans. In the same article, they 53 retrieved sequences belonging to the subfamily GH13_1 from the sponge Amphimedon 54 queenslandica (named Reniera sp. in their paper) and the sea anemone Nematostella vectensis, 55 besides the unikont choanoflagellates and amoebozoans, and also excavates and ciliates. They 56 dubbed "Dictyo-type" this alpha-amylase, referring to the slime mold Dictyostelium discoideum 57 (Amoebozoa Mycetozoa). The authors proposed that this amylase, ancestral to the Unikont 58 clade, is shared among non-bilaterian metazoans (e.g. sponges, sea anemones and corals, and 59
Materials and methods 71
In order to further characterize the distribution of GH13_1 genes in Metazoa, we used 72 the sequence of the sponge Amphimedon queenslandica GH13_1 (GenBank XP_019851448) as 73 a query to perform BLASTP and TBLASTN searches on various online databases available in 74 Genbank (nr, proteins, genomes, assembly, SRA, TSA, WGS), compagen.org, 75 marinegenomics.oist.jp, reefgenomics.org, marimba.obs-vlfr.fr, vectorbase.org, AmpuBase 76 (https://www.comp.hkbu.edu.hk/~db/AmpuBase/index.php) (IP et al. 2018) , between October 77 2018 and April 2019. Fungi were not searched further in this study because they are known to 78 have a GH13_1 member as the usual alpha-amylase. To increase the chances to retrieve potential 79 cnidarian or ctenophoran sequences, the starlet sea anemone Nematostella vectensis amylase 80 (XP_001629956) was also used to query those databases. After the discovery of GH13_1-like 81 sequences in Bilateria, the sequence XP_013396432 of the brachiopod Lingula anatina was also 82 used specifically for additional search in Bilateria. Non-animal eukaryote species were 83 investigated using the Dictyostelium discoideum sequence XP_640516 as query. The BLAST 84 hits were considered further when expectation values (e-values) were better (lower) than 10 -100 85 for BLASTP or 10 -75 for TBLASTN, except for constitutively small hits such as SRA (sequence 86 read archives). These were only considered when several highly significant hits covered most of 87 the query sequence. When SRA hits had too many gaps, we did not attempt to assemble longer 88 sequences and thus we did not use such sequences in alignments or phylogenies. Finally, we kept 89 only sequences which were inside long contigs, or full-size or near full-size transcripts. We also 90 checked once again the absence of animal-type alpha-amylase (GH13_15 or 24) outside the 91 Bilateria using the sequence of the bivalve Corbicula fluminea (AAO17927) as a BLASTP 92 Reefgenomics database. Interestingly, we found no alpha-amylase sequences at all in Medusozoa 134 (jellyfish, hydras) nor in Endocnidozoa (parasitic cnidarians). In the general tree ( Fig. 1 The surprising finding of this study, on which we will focus our attention, is the 149 consistent, albeit sparse, occurrence of GH13_1 alpha-amylase sequences in several bilaterian 150 phyla: hemichordates, which are deuterostomes, brachiopods and phoronids (Brachiozoa) and 151 some molluscs and annelids (Eutrochozoa), which are all protostomes. In the brachiopod Lingula 152 anatina, two paralogs were found, as in the phoronid Phoronis australis (Table 1 ). In both 153 species, the two copies are located on different contigs. The paralog sequences are rather 154 divergent, given their positions in the tree (Fig 1) and each paralog groups the two species 155 together. This indicates that not only duplication, but also the divergence between paralogs is 156 ancestral to these species, dating back at least to basal Cambrian, according to the TimeTree 7 represented in sequence databases (only one whole genome in Genbank for Nemertea as of April 165 2019). 166
Similarly, we found three gene copies in the genomes of the hemichordates Sacoglossus 167 kowalevskii and Ptychodera flava. In both species, two copies are close to each other 168 (XP_006816581 and XP_006816582 in S. kowalevskii, and their counterparts in P. flava) as 169
shown by the topology of the gene tree ( Fig. 1 ). This could suggest independent gene duplication 170 in each species. However, we observed that the two duplicates were arranged in tandem in both 171 species, which would rather suggest concerted evolution of two shared copies. In P. flava, this 172 genome region is erroneously annotated as a single gene at the OIST Marine Genomics database. 173
The three copies were therefore probably already present before the split of the two lineages, 174 some 435 mya (KUMAR et al. 2017) . The third paralog is very divergent from the two other 175 copies, so its divergence from the ancestral copy probably occurred before the species split, as 176 well. Another hemichordate species, Schizocardium californicum, harbors a GH13_1 gene, as 177
shown by SRA search in GenBank (Table 1) . A positive result was also retrieved from the 178 genome of Glandiceps talaboti (Héctor Escrivà, Oceanology Observatory at Banyuls-sur-mer, 179 personal communication). All the species mentioned above belong to the subphylum 180
Enteropneusta. No data from other hemichordate subphyla were available to us. 181
In molluscs, we found BLAST hits with significant e-values in a few gastropod species 182 from two clades only, the Vetigastropoda (e.g. the abalone Haliotis sp.) and the Caenogastropoda 183 (e.g. Ampullariidae such as Pomacea canaliculata). We consistently found one copy in eight 184 species belonging to the family Ampullariidae. In P. canaliculata, the genome of which has been 185 annotated, the GH13_1 sequence (XP_025109323) lies well inside a 26 Mb long scaffold 186 (linkage group 10, NC_037599) and is surrounded by bona fide molluscan genes (Table S1 ). A 187 GH13_1 sequence was found in the gastropod Colubraria reticulata, but in a very short, 188 intronless contig (GenBank accession number CVMW01047267), that was barely longer than 189 the gene itself. Therefore, we disregarded this hit. We also found GH13_1 sequences in a few 190 bivalves, belonging to Mytiloidea (e.g. the mussel Mytilus galloprovincialis), Pterioidea (e.g. the 191 pearl oyster Pinctada imbricata) and Arcoidea (e.g. Scapharca broughtoni). Reciprocal BLAST 192 in GenBank nr using these molluscan high-scoring segment pairs (HSPs) always returned 193
Lingula anatina as the best hit. Although several genomes or transcriptomes have been 194 sequenced from other bivalve and gastropod clades, we retrieved no GH13_1-like sequences 195 from the databases except in the aforementioned clades. We found no such sequence in Table 1 ), whose issues were mentioned above. As an example, we found a significant hit in a 198 transcriptome database of the sea hare Aplysia californica (TSA GBDA01069500) but this 199 sequence was not found in the A. californica genome, which is well annotated; it was indeed 200 related to ciliates. 201
In annelids, we found occurrences of GH13_1 genes in a few species, the genomes of which are 202 still not fully assembled, namely the "polychaetes" Hydroides elegans and Pygospio elegans but 203 not in the well annotated genome of Capitella teleta. We also recovered HSPs from the clitellate 204
Glossoscolex paulistus but not from Amynthas corticis or Eisenia fetida. Therefore, in molluscs 205 as well as in annelids, the presence of GH13_1 genes is scattered across lineages. We found that 206 the mollusc GH13_1-like sequences were much shorter, either truncated at the C-terminal, or this 207 region was so divergent from the query sequence (L. anatina) that it was impossible to identify, 208 assemble and align it with our data set ( Fig. S1 ). In addition, we found that the annelid 209
Hydroides elegans had an internal deletion, which precluded its inclusion in the phylogenetic 210 analysis. This suggests that those sequences may not have alpha-amylase activity. 211 212
Gene tree analysis: position of bilaterian sequences 213
The goal of the gene tree analysis is to examine whether the occurrence of GH13_1 214 genes in bilaterian animals may be due to horizontal transfer (HGT) or if they descend from a 215 GH13_1 alpha-amylase copy ancestral to Unikonts. In the first case, the bilaterians GH13_1 216 sequences are unlikely to cluster together and the gene tree topology will likely display one or 217 more nodes that are inconsistent with the bilaterian phylogeny. In the second case, the bilaterian 218 sequences are expected to recover a bilaterian clade and to have a cnidarian clade as its sister 219 group (LAUMER et al. 2018 ). The actual tree topology ( Fig. 1) is not that straightforward when it 220 comes to the bilaterian relationships, although we may rule out any proximity of bilaterians 221 GH13_1 sequences with unicellular or fungal sequences, regardless of tree rooting. sequence of S. kowalevskii XP_006819810, suspected to evolve fast, was compared with its 243 paralog XP_006816581, using five different outgroups, i.e. the three sponges and the two 244 choanoflagellates. Unexpectedly, the χ 2 tests returned non-significant values in two tests and 245 significant values in three tests (Table S2 ). Therefore, with our data, LBA cannot be entirely 246 ruled out in this particular case. 247 248
Analysis of intron positions 249
Intron positions may be valuable markers when reconstituting gene histories. We 250 identified 56 intron positions from the subset of species of the general tree for which we could 251 find data (Fig. 2) . Only one intron position is widely shared among these GH13_1 gene We have shown here that a limited number of bilaterian animals, all being aquatic 265 species, namely hemichordates, brachiopods and phoronids, and some sparse molluscs and 266 annelids, do have GH13_1 alpha-amylase genes. Note that all those species do have at least one 267 "classical" animal alpha-amylase of the GH13_15/24 subfamilies. We are quite confident that 268 the GH13_1 sequences we found are not due to contaminating DNA. First, two species with 269 whole genome sequenced and assembled were found to harbor such genes in each phylum 270
Hemichordata and Brachiozoa, and the mollusc Pomacea canaliculata also has a well annotated 271 genome. Additional sequences from other species belonging to these phyla were gathered from 272 sketchy data, i.e. low-quality assembled genomes, transcriptomes or sequence read archive 273 databases, which added some support to the presence of these amylase genes. Although 274 transcriptome and rough genomic data should be handled with care, this lends support to our 275 observations. Moreover, reciprocal BLAST from the transcriptome hits always returned a 276 bilaterian (L. anatina or S. kowalevskii) best hit, not fungal, protist or other non-bilaterian 277 GH13_1 sequence. Second, the bilaterian sequences retrieved from assembled genomes were 278 inside long contigs, and mostly surrounded by genes showing bilaterian best BLAST hits (Table  279   S1 ). However, the S. kowalevskii XP_006819810 gene could appear somewhat dubious, since it 280 is placed at the distal end of a contig, with only two other genes on the contig (Table S1), one of 281 which has a placozoan best hit. But its P. flava counterpart is well inside a very gene-rich contig. 282 Therefore, these seemingly non-bilaterian genes are well in bilaterian genomic contexts. 283 The new data unveils a more complicated story. There are two explanations which are mutually 288 exclusive. The first explanation is that several HGTs occurred from non-bilaterian to 289 hemichordate and Lophotrochozoa ancestors. The second explanation is that the ancestral gene 290
was not lost in all bilaterian lineages, but remained (given the current data) in hemichordates, 291 brachiopods and phoronids, and in scattered lineages across Mollusca and Annelida. 292
The hypothesis of HGT requires several such events between metazoans. It implies that 293
HGTs obviously happened after the split of the two main branches of bilaterians, protostomes 294 and deuterostomes, otherwise the transferred copies should have been lost in most phyla, like in 295 the alternative hypothesis. More precisely, in the case of Lophotrochozoa, this would have 296 occurred before the diversification of this clade and after its divergence from the Platyzoa, some 297 700 mya(KUMAR et al. 2017); in the case of hemichordates, after diverging from their common 298 ancestor with the echinoderms, and before the divergence between S. kowalevskii and 299
Ptychodera flava, i.e. between 657 and ca. 435 mya (KUMAR et al. 2017 ). Therefore, we may 300 infer at least two HGTs, early in the evolution of each phylum, with subsequent losses in 301 Lophotrochozoa (Fig. 3) . The donor species, given the sequence clustering in the trees, could be 302 related to cnidarians. However, we have underlined that the intron-exon structures of the 303 bilaterian sequences were most similar to the one of the sponge, and that the cnidarian GH13_1 304 amylases had very different structures. This may be possible if the donors were related to 305 cnidarians, perhaps an extinct phylum or an ancestor of extant Cnidaria, but had conserved the 306 ancestral structures exemplified by the sponge and the placozoan. Indeed, if the structure shared 307 by the sponge, the placozoan and the bilaterians reflects the ancestral state, cnidarians must have 308 undergone a drastic rearrangement of the intron-exon structure of this gene. This would be in 309 line with the long internal branch leading to this clade in the trees (Fig. 1) , which suggests 310 accelerated evolution. 311
The alternative hypothesis of massive GH13_1 gene loss in most phyla except the ones 312
where we found such sequences seems no more parsimonious. It requires many losses, 313 depending on the phylogeny used ( Fig. 3 ). For instance, regarding deuterostomes, one loss 314 occurred in echinoderms and the other in the chordates. In protostomes, GH13_1 loss in 315 ecdysozoans, and independently in several lophotrochozoan lineages would be required to 316 produce the observed pattern. 317
Although not parsimonious in terms of number of events, we would favor the gene loss 318 hypothesis, because this is a common phenomenon, especially given how ubiquitous co-option is 319 . Thus, our current knowledge on HGT suggests that this type of 328 transfer might be very rare between metazoans, and that two or more such events would be quite 329 unlikely to explain the current taxonomic distribution of metazoan GH13_1 genes. In addition, it 330 has been shown that a seemingly patchy gene distribution suggestive of HGT may, after more 331 comprehensive taxon sampling, turn out to be rather due to recurrent gene losses (HUSNIK AND 332 In this work, the different sequences were assumed to be alpha-amylases according to 338 BLAST e-values only. In addition, we also assumed that they all belong to the GH13_1 339 subfamily. Indeed, some of them have been assigned to this subfamily in the reference database 340
CAZy.org (see Table 1 ), and if we add sequences from the closest subfamilies, namely 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 30b 31 32 33 33b 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 50b 51 51b 52 53 54 55 
